Abstract-The unsupervised and chaotic deployment of Home eNBs (HeNBs) is leading to high levels of interference. To understand the behaviour of the interference of these uncoordinated deployments is vital to reach significant capacity improvement and also to explore opportunities to save energy. This paper considers high and middle interference level scenarios, with a maximum of four users per cell. HeNBs indoor deployed is considered within building. We theoretically analyse the traffic performance of this scenario through the study of the Signalto-Interference-plus-Noise-Ratio (SINR). Through the use of the LTE-Sim simulator one obtains the quality indicators for two flows that are being utilised by the users. Video and best effort are studied, while varying the transmitter power and the areas of the apartments. The achieved SINR is higher (around 10 dBm) when the area of the cells is smaller. The variation of the transmitter power of the HeNBs does not present any significant impact. Noticeable throughout the simulations is observed that is possible to operate the system without setting the transmitter power of HeNBs to the maximum value at both interference levels. Simulation results also show that with the considered flows is possible to serve the maximum number of four users per HeNB with high quality. This statement is confirmed by the maximum achieved Packet Loss Ratio for video with a value of value of 1.6 %, which is lower than the maximum of 2 % indicated by the 3GPP. Taking into account the obtained results it is possible to promote a reduction in energy consumption of the HeNBs without penalizing the service quality.
I. INTRODUCTION
In 4G and beyond shrinking cells is one of the best ways to improve capacity and service quality, because short range improves signal to interference ratio [1] . This shrinking of cells leads to a cellular network composed by an amalgam of different types of cells, such as, macro base stations (eNB), pico cells and Home eNBs (HeNBs) are being deployed in an uncoordinated way, which can lead to the emergence of agglomerates of small cells. This kind of deployment originates new and more complex interference problems in both down and uplink [2] .
To solve this problem, power control [3] , [4] , [5] and new scheduling algorithms [6] , [7] have been the main approach to mitigate the underlying interference problems while improving the functioning of HeNBs.
In some way, this work goes further than previous works and also beyond the assumptions from 3GPP [8] since a scenario closer the worst achievable one and predictable assumptions are assumed. A scenario where all the possible locations of the HeNBs has one HeNB (and that HeNB is online). Each one of the HeNBs have four users connected, and is continuously receiving data from the HeNB. The range of HeNBs is defined by the radii [4] [9] , and HeNB users are deployed in this omnidirectional area. In this work, users have been deployed inside a square area of an apartment, as defined in [8] . The power of the HeNB varies independently of the apartment area [8] , which also varies. It is also considered that the deployment of the building (the building is composed by 25 apartments) is influenced by an eNB from a macro cell. It is assumed that this deployment occurs randomly along the eNB area, in order to acquire a general behaviour that integrates the contribution of the effect of having the HeNBs and the served users at different cell distances [10] .
The independent variation of the transmitter power of the HeNBs and the areas of the apartments increase the complexity of the study of the degradation caused by the interference in the system performance. This fact motivates the theoretical study of the average Signal-to-Interference-plus-Noise-Ratio (SINR).
The performance evaluation was made applying the LTESim simulator [11] . LTE-Sim is an open source framework to simulate LTE networks, which has a high degree of reproducibility of the results. To perform our simulations some improvements have been made to LTE-Sim, and they are presented along the paper.
Frequency reuse is also considered in many works as a way to deal qith co-channel interference and to extend the system performance. Apart from frequency reuse, this work firstly considers simulations in a scenario where the HeNBs and an eNB operate with the same bandwidth. Secondly, results have been obtained from simulations where the HeNBs operate with frequency reuse two. Results present the behaviour of the system in terms of average goodput, average packet loss ratio and delay.
The main contribution of this paper is neither to present novel techniques for power control nor new scheduling algorithms. The main contribution is to present a theoretical study and performance evaluation taken from simulations, which present a different view for performance evaluation of HeNBs, in scenarios where the transmitter power of HeNBs and the deployment area of the users vary independently.
II. AVERAGE HENB SINR

A. Scenario
A user which is receiving data from a node, e.g., eNB or HeNB, is not only receiving a signal from the node to which it is connected to but also receiving interfering signals from the co-channel nodes. The studied scenario along this work is an indoor scenario, defined in [8] , that consist in a building with one floor with a geometry of 5x5 apartment grid in a total of 25 apartments, as presented in Fig. 1 . A HeNB is deployed in the center of every apartment [12] , [13] . This study considers frequency reuse two. Frequency reuse is the design process of selecting and allocating different channel groups for all cellular base system within a cellular system [14] , [15] . In the study of the average HeNB SINR, a distribution of the whole available bandwidth is considered among clusters, so that all cells belonging to the same cluster have not overlapping channels.
B. SINR at a Given Position
Let's consider an user equipment/terminal (in our case a User Equipment (UE)) inside and confined to the central apartment of the considered geometry, as shown in Fig. 2 . The center of the apartment is also the origin of our coordinate system (0,0). To obtain the average SINR, an approach similar to the one described in [16] , [17] , [18] is applied. In general, the SINR of our considered UE, in a position with coordinates (x,y), served by a cell receiving a transmit power P T x , can be expressed as the received power from the own cell is defined by P ow and can be expressed as
where antenna gains for the transmitter and receiver are respectively G T x and G Rx , P L is the Path Loss. P noise , in dBW, is the thermal noise power, and is defined as follows
where N F is 8 dB for HeNB [8] . In this work, one connsiders BW =10 MHz. The total amount of interfering power coming from the N neighbour cells is P nh , and is given by
where I i is the i th cell interference, and is expressed as follows
where i represents the cell from which the interference comes from. The path loss model, adapted for the HeNB at 2 GHz, is the WINNER II [19] for an indoor office, and stand as
where f c is the system frequency, in GHz (in our case it is 2 GHz), the fitting parameter A includes the path loss exponent, parameter B is the intercept, parameter C describes the path loss frequency dependence, and X is environment-specific term (e.g., wall attenuation in the Non Line-of-Sight (NLoS) scenario) [19] . The distance between the transmitter and the receiver, d, is determined by the Euclidean distance
where x 0 and y 0 are the coordinates of the interfering cell and x and y are the coordinates of the UE, Fig. 2 . For a Line of Sight (LoS) path A=18.7, B=46.8, and C=20. In the case of NLoS, A=20, B = 46.4 and C=20. The environment specific term X is the sum of the attenuation of the walls between the UE and the HeNB, in the case of a internal walls the attenuation is equal to 5 dB. Considering the HeNB located in the area number one from Fig. 1 , the path loss is given by the following equation
where l is the apartment side. For the remaining three HeNBs from the four closest HeNBs, only the coordinates (x 0 , y 0 ) change. For the remaining HeNBs along with the coordinates of the HeNB also the number of walls change.
C. Average SINR
The average SINR within a cell is the SINR measured by an UE with uniform probability density function for its deployment over the apartment area. In this case, it is the area of the apartment. It depends on the apartment side l, and on the BS transmitter power, P T x , as follows
(9) The average interference power P nh can be defined as
which is the total surrounding power received from interfering neighbours at different distances. The average interference generated by the interfering HeNBs can be calculated by integrating each fraction of the interfering power over the affected area. Since UEs are confined to the apartment area, the average level of received interference from a neighbour cellĪ is integrated over the apartment areā
where A Apt is the total affected cell area. The integration regions for an interferer HeNB are as follows
and
For HeNBs the following parameters are considered according to [20] , G T x =5 dBi and G Rx =0 dBi.
The average received power from the own cell, P ow (P T x,x,y ), is constant no matter the value of reuse pattern. It may be obtained following a similar approach of the P nh (l, P T x ), with a different integrand function dxdy.
(14) Where A ow is the total area integration of the own apartment. Results from the study of the average SINR show that the smaller the apartment areas are the higher values for the average SINR are. It is verified that the variation of the transmitter power of the HeNB does not have any impact in the average SINR results as a function of apartment side.
III. PERFORMANCE EVALUATION
The LTE-Sim, in its stable release R5 [11] , is considered to analyse the overall of the system. The system performance has been studied for the downlink (DL), considering the Proportional Fair (PF) [15] . The PF was considered because is the most commonly used scheduling algorithm.
A. Proportional Fair
PF schedules a user when its instantaneous channel quality is high relative to its own average channel condition over time [15] . PF scheduler is used as a typical way to find a tradeoff between requirements on fairness and spectral efficiency scheme [21] . It is effective in reducing variations in user bit rates with little average bit rate degradation, as long as user average values of SINR are fairly uniform [22] .
B. Simulation Scenarios and Updates in the Simulator
In order to address the behaviour from a real deployment scenario through event-based simulation whilst simultaneously saving computational resources, the simulation scenario is composed by a macro cell with 1 km radius (represented by a solid line in Fig. 4) . A building with one floor is created in such area with a radius of 80 % of the macro cell radius (represented by a dashed line in Fig. 4 ). This constraint in the creation of the buildings exists to ensure that buildings do not cross the cell edge. The LTE-Sim has been written in C++, using the object-oriented paradigm, as an eventdriven simulator [11] . In its stable release R5, it is compiled with a ISO/IEC 14882:1998 compiler. With this compiler the underlying random number generator, the simulator tends to generate the position of buildings more often near the cell center. Also the position of the users was generated near the HeNB/eNB center. The solution to this problem has to start to use the Mersenne Twister pseudo-random generator [23] . This pseudo-random generator started to be available in the ISO/IEC 9899:2011 [24] . The Mersenne Twister is the most widely used general-purpose pseudo-random number generator [25] . To correctly start the Mersenne Twister pseudo-random number generator a seed using the time library Chrono is considered. This library also start to be present in the ISO/IEC 9899:2011 [24] . The results presented above already benefit from this improvement in the simulator. As stated in Section II-A, the frequency reuse is also considered for the performance evaluation. Although the core of the presented study consider the frequency reuse, results are also presented when exactly a 10 MHz bandwidth is used by the HeNBs and the eNB. In this work when the HeNBs and the eNB are sharing the same bandwidth is considered a high interference level scenario. For the middle interference level scenario, a 20 MHz bandwidth is considered for the eNB, the HeNBs operate with a frequency reuse two, i.e., the 20 MHz bandwidth from the eNB are divided into two equal portions of 10 MHz each one, and are shared by the neighbour HeNBs.
We consider an heterogeneous scenario where two different applications are simultaneously used by the users. One is the video application, a video trace that is compressed using the H.264 standard compression at the average coding rate of 440 kb/s, the other application is best effort (BE). More details on the video application are given in [13] . The adoption of this video application accounts for the trend of users to watch high quality videos. The BE flows are modelled through infinite buffer sources which model an ideal source where there are always packets to be sent. We evaluate the network performance by considering these video and BE flows.
The simulation tool used in this work implements network environments, communication protocols, and radio interface from the system level perspective. Thus, it reaches good levels of scalability even in complex scenarios. Specifically, the scenario considered herein embraces one macro cell, one building with 25 apartments, and four users for each apartment. In line with the study already presented in [13] , simulations did not register a high computational complexity. In fact, in a typical Linux-based machine with a 2.6 GHz CPU, each run completed in less than 2.5 minutes and consumed less than 250 MBytes of RAM memory.
C. Results for the High Interference Scenario
This section introduces performance results for PF scheduler operating in the high interference scenario, where the eNB and HeNBs operate in the same 10 MHz bandwidth. Fig. 5 presents the average goodput with the use of the PF scheduler for video application.
The maximum values for the average goodput have been obtained when the apartment side is 20 m and the transmitter power is between 0 and 10 dBm. The lowest values have been obtained when the apartment side is also 20 m but the transmitter power is -10 dBm. For BE flows, in Fig. 6 the maximum values for the goodput have been obtained for a transmitted power of 20 dBm and for an apartment side of 20 m, as shown in Fig. 6 . Although other obtained results are not presented here, the maximum packet loss ratio (PLR), for all simulations (and both interference levels) was obtained for the high interference scenario, as shown in Fig. 7 . The maximum value of PLR of the simulated scenarios was obtained for the video flows with a maximum value of 1.6 %, which is lower than the maximum of 2 % indicated by the 3GPP. In some cases, values near or of 0 % for the PLR was obtained. Also, in none of the interference levels, the 3GPP limit of 150 ms for the maximum delay has been overcome.
D. Results for the Middle Interference Scenario
As introduced in Sec. II-A, frequency reuse intends to improve the system capacity. The eNB operates with 20 MHz bandwidth. The 20 MHz bandwidth used by the eNB is split into two equal parts to be available to the HeNBS, each portion with 10 MHz of bandwidth. Performance results are as follows. With adoption of frequency reuse, by comparing Mainly for lower values of apartment side. The lowest value for the average goodput was also obtained when the apartment side is also 20 m and the transmitter power is -10 dBm. In this scenario, the behaviour of the obtained values for the average goodput for video flows with the PF scheduler in this scenario are in line with the values obtained for the average SINR presented in Fig. 3 .
Since the video flows did not take a significant advantage from the frequency reuse, the maximum average goodput for BE flows increase 3.6 times, Fig. 9 . The highest gain was obtained when the apartment side is 5 m.
The variation of the transmitter power has little impact in the average goodput, for a given side of the apartment. Only for values of the transmitter power lower than 0 dBm, the average goodput starts do decay. Also the average goodput of 
IV. CONCLUSIONS
For the video application the performance results for the PF scheduler operating in the high interference level show us that the maximum average goodput was never obtained when the maximum transmitter power is 20 dBm. Generally, the maximum average goodput was obtained for values of transmitter power lower than 10 dBm. The maximum average goodput was obtained when the side of the apartment is the longest one, 20 m. Also taking in account the low values for the PLR, it can be stated that each HeNB can simultaneously serve four users with a video application of 440 kb/s.
With a middle interference level, for video flows, PF presents higher values for the average goodput, for values of transmitter power between 10 and 15 dBm. By comparing the obtained results in the presence and absence of frequency reuse, it is possible to sustain the maximum average goodput in more combinations of power and side. Besides, for BE flows, a noticeable increase of the average goodput is observed.
It is also important to note that for video flows in the high interference level, is it possible to take advantage of the transmitter power of HeNBs wich is not set to its maximum value. A similar behaviour occurs for the middle interference level. For BE flows, it is possible to set the transmitter power of the HeNBs to values lower than the possible maximum ones. This leads to a decrease of the energy consumption in HeNB scenarios.
